Objective: The positive inotropic effect of endothelin-1 (ET-1) on normal myocardial contraction may be altered in pathological states. The purpose of this study was to assess the direct effect of ET-1 on cardiomyocyte performance and its cellular mechanism in congestive 
Introduction
Recent studies also suggest that the effects of ET-1 on normal myocardial contraction may be altered in Endothelin-1 (ET-1) produced by cardiac myocytes [1] pathologic states [10] [11] [12] [13] . For example, Sakai and coland vascular endothelial cells [2] is present in the plasma leagues [14] reported that following coronary artery occluat low levels in healthy subjects [1, 2] . In addition to its sion in rats, the elevated plasma levels of ET and myocarpotent vasoconstrictive effects, ET-1 produces a positive dial accumulation of ET were associated with a decline in inotropic effect on the intact left ventricular (LV) and LV pressure development. Treatment with ET-1 receptor isolated myocytes from normal animals [3] [4] [5] . Plasma blocker has been shown to improve cardiac function in ET-1 concentrations are elevated in congestive heart CHF and myocardial ischemia [6, 10, 12] . However, the failure (CHF) [6] [7] [8] [9] . It has been demonstrated that high direct effect of ET-1 on myocyte contraction and relaxalevels of ET-1 alter the vascular response to ET-1.
tion has not been previously assessed in CHF [2] . Specifically, the ET-1 induced coronary vasoconstriction is Recently, we observed an altered inotropic response to enhanced in both patients and animals with CHF [6, 9] .
angiotensin II (ANG II) in conscious dogs with pacing-induced CHF [10] . After CHF, ANG II depressed left several respiratory cycles. The transducer was advanced ventricular and myocyte contraction and relaxation. The into the LV for the measurements of LV systolic and intracellular signaling pathways of ANG II and ET-1 are diastolic pressures. The time constant of isovolumic LV similar [1, 15, 16] . Thus, the positive inotropic effect of pressure decay was calculated by the method of Weiss et ET-1 on normal myocardium may be altered in a similar al. [20] . The maximum time derivative of LV pressure was fashion in CHF and, thus, contribute to the functional derived by active analog differentiation of the pressure impairment of CHF.
signal. After LV pressure measurements, a thoracotomy The rat model of isoproterenol (ISO)-induced CHF has was performed, and a calibrated ultrasonic time-transit been studied by many investigators [17, 18] , including flow probe (model 2S, Transonic System, Ithaca, NY, those in our laboratory [19] . It has been demonstrated that USA) was placed around the ascending aorta to measure the pathological changes in ISO-treated rats resemble those aortic flow and to calculate stroke volume. of myocardial infarction [18] . Therefore, in the present study, we used this rat model to: (1) determine the effects 2.1.2. Plasma endothelin measurements of ET-1 on myocyte contraction in normal and ISO-
The plasma endothelin concentrations were measured in induced cardiomyopathic rat hearts and (2) evaluate pofive control and five ISO-treated rats, which did not tential mechanisms of ET-1 inotropic effects in relation to undergo the hemodynamic study. After a light anesthesia, 1 1 endothelin A (ET ) receptors, Na -H exchange, protein 3-4 ml of blood were obtained from the LV. Immediately, A 21 kinase C (PKC) activations and [Ca ] transients. the blood was placed into an EDTA tube on ice and i centrifuged at 2500 rpm at 48C. Plasma was separated and stored at 2208C until assay. A 1-ml volume of 20% acetic 2. Methods acid was added to the 1-ml plasma samples. The acidified samples were vortex-mixed and centrifuged for 15 min at 2.1. Induction and verification of isoproterenol-induced 2600 g. Samples were applied to Si-C Sep-pak car-18 cardiomyopathy tridges (500 mg C in a 3-ml syringe) that had been 18 pretreated with 3 ml of metenolone, 3 ml of water and 3 ml Thirty male Sprague-Dawley rats, weighing 150-200 g of 10% acetic acid. Columns were washed with 3 ml of (Zivic Miller, Zelienople, NC, USA), were divided into 10% acetic acid and 6 ml of ethyl acetate. Columns were control and CHF groups. The rats in the experimental eluted with 3 ml of 80% methanol-20% 0.05 M amgroup received a subcutaneous injection of isoproterenolmonium bicarbonate. Eluted samples were dried overnight HCl (ISO), 85 mg / kg, which was administered on two in a Savant Speed-Vac centrifugal evaporator. Dried samconsecutive days (total of two injections), as previously ples were assayed for immunoreactive endothelin using an described [17, 18] . The control groups were injected with Amersham radioimmunoassay (RIA) kit (RPA 545) [7] . equal amounts of sterile saline. The animals were housed and fed under identical conditions for four weeks after the 2.2. Cardiomyocyte function evaluation injections. Body weights were obtained before and four weeks after the injections. The investigation conforms to 2.2.1.
Myocyte isolation the Guide for the Care and Use of Laboratory Animals
Ventricular myocytes were enzymatically dissociated published by the US National Institutes of Health (NIH using a modification of a previously described technique Publications, No. 85-23, revised 1985). [21, 22] . After completion of the hemodynamic measurements, the rats that had been anesthetized with intra-2.1.1. Hemodynamic measurements peritoneal ketamine HCl and xylazine were heparinized The hemodynamic measurements were performed in ten (1000 units, i.p.). The heart was quickly excised and rats from each group, four weeks after receiving ISO or immediately placed in iced-cold calcium-free HEPES saline. The rats were then anesthetized with intraperitoneal buffer solution. The heart was perfused via a Langendorff ketamine HCl (50 mg / kg) and xylazine (10 mg / kg), apparatus (No. 508374, Harvard Apparatus, South Natick, intubated and ventilated with a positive-pressure respirator MA, USA) with a 100% oxygenated, non-recirculating (model RSP1002, Kent Scientific, Litchfield, CT, USA) calcium-free HEPES buffer containing (in mmol / l): NaCl with room air. The right carotid artery was cannulated with 110.0, KCl 5. MO, USA) for a total of 30-35 min. Then the flaccid heart Each data acquisition lasted for 10-15 s and spanned was removed from the cannula. The right ventricle, right atrium and left atrium were carefully dissected from the being tracked, as well as that of a varying dimension, was heart, and the left ventricle and remaining myocardium set by the television framing rate (frequency response was 3 were weighed separately. The LV was minced into 2 mm linear to 60 Hz, resolution was better than 0.2% of full cubes and transferred to a centrifuge tube that contained 10 scale, and linearity was better than 1% of full scale). In the ml of the HEPES-collagenase solution. It was gently present study, both ends of the cells were tracked. Caragitated in a water bath for 8-10 min at 368C. The diomyocyte motion and contraction amplitude were digitsupernatant was removed and fresh HEPES-collagenase ized with an on-line analog-to-digital converter at 300 Hz. solution was added and incubated for another 8- (Baxter, Hausser Scientific). The cells were counted under were superfused with study buffers containing 10 -10 a microscope. To obtain the LV weight, the weight of M ET-1, and data were obtained again during the 8-10 freshly excised rat heart was multiplied by the ratio of the min ET-1 superfusion period and during the period of LV weight to the total heart weight, which was obtained wash off of ET-1. To further characterize ISO-induced 28 immediately after enzymatic digestion of the heart. Accardiomyopathy, the response of cardiomyocyte to 10 M cording to a previous study, this simple calculation permit-ISO was also obtained from both groups. ted an indirect estimate of the non-edematous weight of the 21 LV. In addition, the right kidney weight-to-body weight
ratio was used as an index of rat growth [18] . In another series of experiments, [Ca ] and the i contraction response of myocytes were measured as previ-2.2.2. Myocyte morphology ously described [24] . Prior reports [24] have observed that After 2 h of stabilization, the isolated myocytes were loading cardiac cells with indo-1-AM depresses myocyte placed in superfused culture dishes. The myocytes were contraction. The contractile properties of myocyte could be imaged with an inverted microscope using a 340 phaselargely prevented by lighter loading with the probe. Thus, contrast objective. Twenty-five rod-shaped myocytes were in the current study, a shorter loading period and lower measured in each dish.
indo-1 concentration were used. After stabilization, isolated myocytes were incubated with 5 mmol / l indo- Under these loading conditions, the ratiometric (410 / 490) 2.3.1. Contractile response fluorescence cell images were homogeneous in both conIn the initial experiments, the effects of ET-1 on the trol and ISO-treated cardiomyocytes, indicating that there contractile response of myocytes were evaluated. After was no visible intracellular compartmentation of indo-1 1-2 h of stabilization, isolated cardiomyocytes were [25] . The loaded cells were washed twice with fresh study placed in a cell dish that was continuously superfused with buffer and left in the dark for 20 min. Then the indo-1-21 oxygenated study buffer including 1.2 mmol / l Ca at loaded cardiomyocytes were placed in a cell chamber at 228C. The myocytes were imaged using a 340 long 228C and continuously superfused with the study buffer. working distance Hoffman modulation contrast objective Approximately 2-3 min were required to change the attached to an inverted microscope. Myocyte contraction solution in the cell chamber. A 75-W xenon arc lamp was elicited by field stimulation at a frequency of 0.5 Hz, (model LH375-340, Optical Elements, Sterling, VA, USA) 1.2 times above the contraction threshold. A video-dimenwas used to illuminate for epifluorescence, producing 10 sion analyzer with high frame rate (M303 Instrumentations ms flashes of 350 nm light at a repetition rate of up to 360 for Physiology and Medicine, San Diego, CA, USA) was Hz. Paired photomultipliers collected indo-1 emissions by used to obtain the trajectory of a moving edge relative to a simultaneously measuring spectral windows of 410 and stationary reference, as well as the distance between two 490 nm, selected by bandpass interference filters. Cells edges. The frequency response of the trajectory of the edge were stimulated at 0.5 Hz for about 20 contractions, and All data are presented as mean6SEM. Two-tailed, that was fixed at the same gain. One arbitrary unit of unpaired Student's t-tests were used to evaluate mean fluorescence was calibrated as 10 mv, and the ratio of the differences in hemodynamic parameters and plasma endoemitted fluorescence (410 / 490) was simultaneously obthelin concentrations between control and ISO-treated tained on line through an analog-divider circuit. As used groups. Analysis of the myocyte contractile responses and by other investigators [26] , this ratio was used to represent 21 [Ca ] transient data was performed using the average 21 Differences were considered to be significant at a value of To examine potential mechanisms of ET-1's inotropic ,0.05. effects, myocytes obtained from seven normal control rats and seven ISO-induced CHF rats were divided into three subgroups. One subgroup of myocytes was preincubated with the ET -receptor-selective antagonist, BQ123 (1
Results
A mmol / l) [28] for 15 min and the second subgroup of myocytes was incubated with an inhibitor of protein kinase 3.1. Characteristics of general features of ISO-induced C, H-7 (25 mmol / l) or staurosporine (30 nmol / l) [29] , for CHF in adult rats 1 1 15 min. To further assess the contribution of Na -H exchange to ET-1-induced contractile response, the third 3.1.1. LV dysfunction and ET levels subgroup of myocytes from both control and CHF rats was As summarized in Table 1 , four weeks after ISO BQ123, a Na -H exchange inhibitor, EIPA, and a PKC As shown in Fig. 4 , cardiomyocytes that had been inhibitor, H-7 or staurosporine.
preincubated with H-7 prevented any significant changes in In response to ET-1, the systolic peak calcium transients was relatively unchanged in the normal cardiomyocyte, but was markedly decreased in the ISO-treated cardiomyocyte. (B) Group mean data of calcium transient response to ET-1 of normal and ISO-treated cardiomyocytes from ten animals in each group. After ET-1 superfusion, the peak systolic of calcium transients in normal cardiomyocytes was relatively unchanged, but it was significantly decreased in ISO-treated myocytes.
vs. 1.861.1, p5NS). In the CHF myocytes, after pretreatpathological changes in ISO-treated rats resemble those of ment with staurosporine, ET-1 also failed to produce myocardial infarction. Consistent with previous studies, we changes in SA (13.861.6 vs. 13.562.7%, p5NS) and found that four weeks after two daily injections of 85 21 mg / kg isoproterenol, all of the ISO-treated rats had systolic peak [Ca ] transient (1.561.1 vs. 1.561.6, p5 i evidence of CHF (anorexia, edema and pulmonary conges-NS). tion), with LV systolic and diastolic dysfunction, as indicated by significant increases in LVP , min LVP and t, ED and decreases in SV, 6dP/ dt and stroke work (Table   max 4. Discussion 1). The plasma ET levels were also significantly elevated with ISO treatment. However, there was no LV hyperOur study demonstrates that ET-1 evokes a positive trophy. Previously, Teerlink et al. [18] reported that, by six inotropic response in normal myocytes without causing a weeks after the injection of 85 mg of ISO, the increased The rat model of ISO-induced CHF has been studied by dt ) and the peak systolic [Ca ] transient (Table 1 Fig. max i many investigators [17] [18] [19] . High doses of ISO produce a 1). In addition, the myocyte contractile response to btime-and dose-dependent impairment of cardiac function adrenergic stimulation was also significantly blunted. The that results in CHF. Teerlink et al. [18] reported that the alterations in myocyte function were similar to those . These inconsisfactors, we studied freshly isolated myocytes from the LV tent results may have resulted from the influence of ET-1 of normal and ISO-treated rat hearts. In the normal adult or ET-1 receptor blocker-produced changes in loading 210 28 myocyte, ET-1 (10 -10 M) exerted a positive inoconditions on conventional measurement of LV performtropic effect, as indicated by the increases in SA and ance, variable effects of anesthesia and different levels of dL /dt (Fig. 2) . This is consistent with previous studies CHF [8] .
max of ET-1 using papillary muscles [5] , cardiomyocytes The amount of ET-1 we used was similar to the amount [3, 4, 16] and conscious animals [32] . In contrast, the used in previous studies [5, 15] . However, this produces myocytes obtained from ISO-treated rats had a different ET-1 levels that are well above the plasma levels in the response to ET-1. In the ISO-treated myocytes, ET-1 ISO-treated rats. These experiments may still be relevant decreased SA, dL /dt and dR /dt . These findings are because the tissue levels of ET-1 are much higher than the , who reported a similar dose-dependent negative al. [35] found that the ET-1 concentration in ventricles was inotropic effect with ET-1 (1-400 pmol / l) in isolated roughly four orders of magnitude higher than the plasma myocytes from pigs with pacing-induced CHF. These concentration in normal rabbits. Furthermore, in CHF, the observations are also compatible with several studies that myocardial ET system is up-regulated, producing much showed that ET-1 receptor blockade improves LV and higher cardiac ET-1 levels than in normals [6, 7, 14] . myocardial function in CHF [8, 12, 33] . Our results differ Kramer et al. [4] found that the positive inotropic effect from the work of Li and Rouleau [34] and Sakai et al. [14] .
of ET-1 in normal hearts is due to stimulation of the We further studies demonstrated a down-regulation of the ET-1 reobserved that pretreatment of normal myocytes with EIPA ceptor in the failing heart. There is also a desensitization of prevented the ET-1-induced positive inotropic response. It the ET-1 transmembrane signaling pathway in the coronary appears that, in adult normal rat myocytes, ET-1 caused a arteries in CHF [35] . Specifically, Loffler et al. [35] found, 1 1 positive inotropic effect due to stimulation of the Na -H in rabbits with CHF, that when the plasma ET was exchange.
elevated, the density of ET-1 receptors in the heart and the After ISO-induced CHF, we found that the negative kidney was decreased [35] . However, desensitization of inotropic effect of ET-1 was associated with a decrease in ET-1 receptors cannot account for the altered car- 21 the peak systolic Ca transient that was not present in diomyocyte response to ET-1 in the ISO-treated rats, since normal myocytes and was not altered by pretreatment with the nature of the response of the ISO-treated myocytes to 1 1 an inhibitor of Na -H exchange. However, an inhibitor ET-1 was altered. Blocking the ET receptors with BQ123
A of PKC blocked the negative inotropic effect. These almost completely prevented the positive inotropic effects observations suggest that the response to ET-1 activation of ET-1 in normal myocytes and the negative effect in of the PKC pathway is altered in CHF myocytes, produc-ISO-treated myocytes. 21 ing less Ca release that results in less systolic force Kohmoto et al. [46] found that immature myocytes have generation [36] [37] [38] [39] . In addition, PKC activation may the same negative inotropic response to ET-1 that we 21 reduce myofilament Ca sensitivity [13, 40] and contribobserved in the ISO-induced CHF myocytes. This similariute to the negative inotropic response to ET-1 in the ty is consistent with the recapitulation of the neonatal ISO-induced CHF myocytes. In a recent study, Ito et al. phenotype in heart failure [39] . It has been reported that [13] reported a similar finding of an altered inotropic many regulatory proteins, such as TnT, as well as PKC, response to ET-1 in cardiac hypertrophy. They found that undergo maturationally and regionally regulated expression ET-1 failed to promote a positive inotropic response in in the heart, and there is a recapitulation of the neonatal hypertrophied myocytes due to an impaired ET-1 stimulaphenotype in some disease states [39] . tion of Na -H exchange. There is a defect in the Several methodologic issues should be considered in 1 1 coupling of PKC activation with enhanced Na -H interpreting our data. First, we used enzymatic dissociation exchange in hypertrophied myocytes [13] . PKC has been to isolate the myocytes from rat hearts. Since not all cells shown to phosphorylate both the inhibitory subunit of recover after enzymatic dissociation, the potential exists troponin I (TnI) and the tropomyosin-binding subunit, that the sampling was biased towards those cells that troponin T (TnT) [38, 41, 42] . It has been demonstrated that survived. This bias could be further complicated by the 21 TnI phosphorylation reduces myofibrillar Ca sensitivity possibility that a different sub-population of cells survived 21 and plays an important role in the pH regulation of Cafrom the ISO-treated heart tissue. However, previous force relation in cardiac muscle. It is possible that, in CHF studies have reported that the individual myocytes isolated myocytes, the phosphorylation of TnI by PKC outweighs by this technique retain morphological and contractile the ET-1-induced alkalinizing effect, resulting in a net performances that are similar to those observed in the decrease in the sensitivity of the myofilaments, thus intact muscle [22] . Consistent with previous observations contributing to the altered inotropic response to ET-1 in [21, 22] , we have obtained a high yield of viable myocytes CHF myocytes.
by this preparation of the LV from both normal and Previously, activation of PKC has been shown through ISO-treated rat hearts. Furthermore, evidence of ISO-in- 21 phosphorylation-dependent mechanisms to alter Ca duced changes is clearly demonstrated by the alteration in 21 21 21 transporters [36] , Ca homeostasis and intracellular Ca the morphology, contraction and relengthening, [Ca ] , i 21 [37] , and to modulate myofibrillar Ca sensitivity [13, 38] .
and depressed responses to b-adrenergic stimulation of Recent studies suggest that PKC activity and expression myocytes isolated from ISO-treated rat hearts. Thus, our may be altered in CHF. An enhanced PKC activity has observation of an altered response to ET-1 in ISO-treated been demonstrated in myocardial ischemia and in pressuremyocytes is unlikely to be due to sampling bias or to overload cardiac hypertrophy [43, 44] , and an altered PKC artifacts introduced by the enzymatic isolation process. 21 activity and expression of a Ca -dependent PKC isoform Second, the compartmentalization of dye in organelles is 21 have also been reported in rabbits with CHF [45]. Thus, a major problem in the estimation of cytoplasmic [Ca ] .
i we speculate that the ET-1-induced PKC activity may also To minimize the accumulation of dye in organelles, we be altered in the ISO-treated rats, which may lead to used indo-1 and relatively short loading periods and alterations of PKC-induced phosphorylation and, thus, performed experiments at room temperature. In addition,
